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Parallel, Rapid Diffuse Optical Tomography of Breast

Introduction

The aim of this work is to develop and assess near infrared diffuse light imaging schemes for
tumor detection and characterization using a combination of experimental, theoretical, and
computational tools and techniques. During the last year we have experimentally investigated
more rapid acquisition and computationally investigated the analysis of informationally dense
diffuse optical data sets in the parallel plate compressed breast geometry.

Specific Aim 1: Parallel computing for 3D Reconstructions in the compressed breast geometry.
As we have reported in previous year, a parallel computer program to reconstruct the three-
dimensional optical properties map of breast tissues in vivo has been developed and tested
thoroughly with various tissue phantoms. However, the computer memory usage of the program
was quite extensive, so the usage of all the available measured data was quite difficult.

As an alternative method, continuous-wave(CW) and frequency-domain(RF) version of TOAST
(Time-resolved Optical Absorption and Scatter Tomography) by Simon Arridge et al. [1, 2] has
been adapted for the parallel plane compressed breast geometry. TOAST uses 3D gradient-based
nonlinear optimization scheme with Finite element forward solver. Its memory-efficient
algorithm is suitable for dealing with informationally dense data set as ours. Under the
collaboration with Arridge et al, the Finite element forward solver part has been parallized and
tested. A novel scheme using a priori spectral information of the chromophores and scatteres [3]
has been implemented into TOAST to fit for blood oxygen saturation and total hemoglobin
concentration directly. The investigation of combining CW transmission and RF remission data
in TOAST and optimizing the weighting of the measurements is in progress.

Specific Aim 2: Addition of CCD transmission to frequency domain compressed breast
apparatus.

Addition of CCD transmission measurements to frequency domain compressed breast apparatus
has been completed. We are currently investigating the advantage of adding white light source
for CW measurements as well as adding more laser diodes which are sensitive to water and lipid
spectra.




Specific Aim 3 : Parallel Measurement and Image Reconstruction

The characterization of the instruments and 3D reconstruction scheme has been reported [4]. The
efficacy of newly improved reconstruction scheme is being tested for simulated data and
previously constructed silicone tissue phantoms of various configuration and heterogeneities.

Significance :

We have shown that we could resolve the tumor-simulating phantom with reasonable resolution
and accuracy using a hybrid instrument and 3D reconstruction algorithm[4]. This indicates the !
extrinsic contrast based breast imaging on human subjects can be achieved with similar degree of |
accuracy in detection and quantification of a tumor. We have started developing a method for the

intrinsic contrast based breast imaging on phantom studies and on normal and high-risk subjects.

The preliminary 3D reconstruction of the breast cancer shows high contrast in total hemoglobin

concentration from the healthy breast tissue. The findings from normal subjects in terms of

average optical properties and heterogeneities in normal breasts will help us distinguish the

features due to tumors from those due to inter-patient variation, hormonal variation, or other

physiological changes induced by the instrument design.

Conclusions

In our work over the last year we have developed and assessed the utility of various theoretical,
experimental and computational near-infrared diffuse light imaging schemes for tumor detection
and characterization within the human breast. We have theoretically and computationally
investigated the application of parallel processing to 3-dimensional reconstruction in the
compressed breast geometry. Significant progress was made in the implementation of a priori
spectral information and RF data into the 3D image reconstruction scheme. We have recruited
healthy subjects and high-risk patients to investigate the optical contrast of tumors. We are
continuing to gather more clinical data to assess the efficacy of the developing instrumentation
and algorithm development.
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Abstract

‘We have measured the bulk optical properties of healthy female breast tissues
in vivo in the parallel plate, transmission geometry. Fifty-two volunteers were
measured. Blood volume and blood oxygen saturation were derived from the
optical property data using a novel method that employed @ priori spectral
information to overcome limitations associated with simple homogeneous
tissue models. The measurements provide an estimate of the variation of
normal breast tissue optical properties in a fairly large population. The mean
blood volume was 34 & 9 uM and the mean blood oxygen saturation was
68 3 8%. We also investigated the correlation of these optical properties with
demographic factors such as body mass index (BMI) and age. We observed
a weak correlation of blood volume and reduced scattering coefficient with
BMI; correlation with age, however, was not evident within the statistical error
of these experiments. The new information on healthy breast tissue provides
insight about the potential contrasts available for diffuse optical tomography of
breast tumours.

1. Introduction

Near-infrared (NIR) diffuse optical tomography (DOT) is emerging as a viable means
for breast tumour detection and specification. This method relies on physiological
factors such as blood volume (total haemoglobin concentration), blood oxygen saturation
(ratio of oxy-haemoglobin to total haemoglobin concentration), water, lipid content and
tissue scattering to enhance tumour specificity and sensitivity.  Thus far, in vitro
optical properties of breast have been reported (Cheong et al 1990, Peters et al
1990, Troy et al 1996, Bevilacqua et al 1997, Gayen and Alfano 1999), and pilot
in vivo measurements of endogenous optical properties and endogenous tumour contrast
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have been reported (Chance 1998, Kangeral 1993, Suzukietal 1996, McBride et al
1999, Delpy and Cope 1997, Painchaud et al 1999, Tromberg et al 1997, Fishkin ez al 1997,
Cerussi et al 2001, 2002, Grosenick etal 1999, Franceschini etal 1997, Sickles 1984,
Nioka et al 1994, Hoogeraad et al 1997, Ntziachristos ef al 1998, 1999, 2000, Pogue et al
2001a, 2001b). The use of exogeneous contrast agents has also been investigated
(Gurfinkel e a/ 2000, Ntziachristos ezal 1999, 2000, Ntziachristos and Chance 2001,
Weissleder et al 1999, Hawrysz and Sevick-Muraca 2000, Mahmood et al 1999, Li et al
1985, O’Leary et al 1994, Sevick-Muraca and Burch 1994, Li et al 1996, Boas et al 1993).
Indocyanine green (ICG) for example, was demonstrated to enhance breast tumour contrast
in vivo (Gurfinkel et al 2000, Ntziachristos et al 1999, 2000, Ntziachristos and Chance 2001).
Similar results were obtained with optically quenched near-infrared fluorescence dyes
(Weissleder et al 1999, Hawrysz and Sevick-Muraca 2000, Mahmood et al 1999), suggesting
that early detection of tumours may be possible. For a recent review of developments in
optical methods in breast cancer diagnostics with emphasis on fluorescent contrast agents see
Hawrysz and Sevick-Muraca (2000).

Diffuse optical tomography differs from its predecessor, diaphanography (Watmough
1982, Bartrum and Crow 1984, Alveryd et al 1990, Cutler 1929), because it employs a rigorous
mathematical model for the propagation of photons in tissues. The diffusion model enables
experimenters to separate tissue scattering effects from tissue absorption effects, and thus
extract more quantitative information about tissue chromophores. The diffusion model can also
be adapted to ameliorate a variety of complications that arise from tissue boundary (Fantini et al
1996), multi-layer effects (Franceschini er al 1999) and the heterogeneous structure of the
tissue (Cubeddu et a/ 2000a). Finally the diffusion model provides a sound mathematical
basis for data inversion and tomographic image reconstruction (Arridge and Hebden 1997).

This paper is concemed with the optical properties of healthy breast tissue. Since we
are ultimately interested in differentiating diseased tissue from healthy tissue, it is desirable
to measure and understand the properties of healthy tissues, including their variation with
time and demographics. Thus far a few investigators have probed such changes with respect
to hormone levels during the menstrual cycle (Cubeddu er al 2000b, 2000c), menopause
(Suzuki ez al 1996, Chance 1998, Cerussi et al 2001), age (Chance 1998, Tromberg et al
1997, Cerussi et al 2001, 2002, Cubeddu er al 1999, Suzuki et al 1996) and body mass index
(BMI) (Pogue e a/ 2001a, Suzuki et al 1996, Cerussi ef al 2002). Each of these investigations
has particular strengths and weaknesses.

Suzuki et al (1996) studied the optical properties of 30 Japanese women. They employed a
time-resolved optical system in the transmission geometry for measurement, but only a single
wavelength and a single source—detector pair was employed. Nevertheless, they reported
strong correlation of absorption and scattering properties with age, BMI and menstrual status;
no correlation was observed with respect to breast thickness and pregnancy number. Cerussi
et al (2001) recently published observations of 28 volunteers. These experiments improved
on earlier measurements by using a multi-wavelength, multi-modulation-frequency optical
system; however, the device utilized a single source-detector pair at relatively small separation
and thus probed primarily within 1 cm of the tissue surface. Such tissue generally contains
more fat. Their experiments revealed substantial changes in the breast tissue optical properties
between pre- and post-menopausal women; some correlation between age and blood volume,
water content and ‘scatter power” were found, but the most important observation was that older
breast tissues had different water and lipid content. A newer study using the same instrument
(Cerussi et al 2002), with 30 volunteers further related their findings to BMI to verify the
accuracy of the extracted lipid fraction and the relationship of the ‘scatter power’ to BMI.
Cubeddu et al (2000b, 2000c) followed the tissue optical properties at multiple wavelengths
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between 610-1010 nm throughout the menstrual cycle and quantified the changes for one
volunteer. They reported changes with age, which could be attributed to tissue fat content
(Cubeddu et al 1999). Finally, Pogue et al (2001a, 2001b) investigated 16 normal breasts
using a cylindrical DOT system geared towards imaging. They found that blood volume was
correlated with body mass index (BMI), but found no other strong correlations.

In this paper we present measurements of 52 healthy volunteers using our clinical diffuse
optical imager in the compressed breast geometry. Informed consent was obtained from
volunteers and the measurements were carried out over 18 months at the Hospital of University
of Pennsylvania under local internal review board (IRB) approval. Our instrument was
a prototype geared towards diffuse optical tomography in the parallel plate transmission
geometry with soft compression. We used a single modulated source centrally located on
one plate, and 153 detectors on the opposite plate. Measurements were performed at three
wavelengths (830 nm, 786 nm, 750 nm). The modulation frequency was 140 MHz providing
the phase and amplitude of 153 diffuse photon density waves (DPDWs) in transmission. Thus
our measurements were sensitive to the bulk of the breast tissue (as opposed to near-surface
tissues). For data analysis we employed a new scheme that utilized a priori information about
the expected spectral dependence of scattering and absorption in a simple, infinite slab model;
this ‘physiologically constrained” approach substantially reduced inter-parameter cross-talk in
our estimates of bulk optical properties. We directly obtain chromophore concentrations and
scattering parameters as a result of these fits.

The haemoglobin concentrations thus obtained were used to calculate blood volume and
blood oxygen saturation. Histograms of all properties provide new estimates of the range
of healthy breast properties. The combination of blood volume and blood oxygen saturation
information enables us to define ranges of tumour optical properties wherein substantial
endogenous contrast should arise. The properties were related to age and body mass index
(BMI); the latter exhibited some correlation with blood volume and with the reduced scattering
coefficient. Physiological measurement noise was also estimated by repeated measurements
of the same breast and by repeated measurements at a given detector position.

2. Instrumentation and clinical setting

Our optical breast imager is illustrated schematically in figure 1. We employ a parallel plate,
transmission geometry with soft compression. The instrument uses three wavelengths—
830 nm, 786 nm and 750 nm, and employs a scanning, fibre-coupled PMT detector (R928,
Hamamatsu) for detection. The system is characterized by a noise equivalent power of
~0.1pWHz"'/2, a linearity in amplitude of 1%, and a phase drift of 0.25° over 80 dB. We
calibrated the instrument over a broad range of input powers in order to extend this range. For
transmission measurements the signal variation is typically ~30 dB. In clinical measurements
we utilize a single source position at the centre of the scanning region. The lasers are amplitude
modulated at 140 MHz to produce diffuse photon density waves (DPDWs) in the medium. The
amplitude and phase of the DPDW is recovered using a homodyne 1Q-demodulation scheme
(Yang et al 1997). Figure 1 shows a sketch of the electronics.

We have characterized the instrument with extensive phantom studies (Durduran et al
1999a, 1999b, 2000, 2001). More recently and as a result of our experience in pilot studies on
volunteers, we have constructed a more complex imaging device in the same apparatus which
combines RF and CW measurements (Culver et al 2000, 2002).

For the in vivo measurements the volunteer lies in the prone position. Her breast is inserted
into a small tank filled with a near-matching solution of Intralipid and India-ink mixture
(see figure 1). The detector is scanned along the output plate glass surface. The source is
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Figure 1. A sketch of the prototype clinical table. The volunteer lies in the prone position with
her breast inserted into the tank through a Jarge aperture on the bed. Soft compression is applied
on the source plane and detector scans a 2D grid on the opposite plane. The image view shows
the source detector positions as seen in the data. The lower inset shows the sketch of the system
including the electronic components.

attached to the movable compression plate, which applies a gentle compression to the breast.
The usual range of compression is 4.5 cm to 7 cm. It took =15 min to acquire data from a
9.6 cm (x) by 4.8 cm (y) scan region with 153 (17 x 9) measurement points. Feedback from
volunteers was generally positive; compared to x-ray mammography, the soft-compression
of the DOT instrument did not cause discomfort. We obtained two sets of data for each
volunteer: (1) a measurement of the tank filled with Intralipid solution, without the breast,
which allows us to normalize the instrument response for imaging purposes and to obtain an
estimate of the breast tissue boundaries. (2) A measurement from the tank filled with Intralipid
solution and the volunteer’s breast. The Intralipid helps to reduce the detrimental effects of
breast boundaries by acting as a matching medium. Measurements were repeated to assess
physiological noise.

3. Theory and analysis

We modelled our parallel plate geometry as an infinite slab, bounded on one side by a glass
window (the detector plane) and on the other by a white plate (the source plane). Previously
(Durduran et al 1999a) we have shown that the chest wall affects the acquired data by
effectively extending the diffusive medium above the tank; in practice this makes our infinite

~



Bulk optical properties of healthy female breast tissue 2851

slab approximation even better. Special care was taken during the data acquisition to centre
the source and the detector grid on the breast tissue; however, occasionally some regions from
outside the breast tissue were also in the field of view. In such cases we ignored grid points
near the boundaries in our analyses. The solution for an infinite slab is obtained using image
sources and is well known (Haskell et al 1994, Contini et al 1997, Martelli et al 1997).

For chromophore analysis, we employ a simple algorithm that utilizes a priori spectral
information to reduce inter-parameter crosstalk (Durduran et a/ 2001). We outline this method
below.

We decompose the absorption coefficient (u,) into contributions from different tissue
chromophores, i.e.

NC

Ha(A) = Z € (A)c;. 0y

Here the sum is over the different tissue chromophores and NC is the number of
chromophores included in the sum. ¢;(A) is the wavelength-dependent extinction coefficient
of the ith chromophore (obtained from the literature (Prahl 2001)%), and ¢; is the concentration
of the ith chromophore. The ¢; are unknowns. Oxy- and deoxy-haemoglobin are the
most significant chromophores in our spectral region. They can be combined to obtain
blood volume (i.e. total haemoglobin concentration) and blood oxygen saturation. These
quantities are important physiological tissue properties. For healthy breast tissue, the primary
absorbers in our near infrared window are oxy- and deoxy-haemoglobin, lipid and water
(Cerussi et al 2001). Because we used only a limited number of wavelengths, we introduced
a relatively small, wavelength-dependent background absorption based on water and lipid
signals measured by optical spectroscopy (Cerussi et al 2001). The water and lipid content
of breast are taken to be 31% and 57%, respectively (White er al 1987, Woodard and White
1986, Lee et al 1997).

The other parameter characterizing the migration of photons through tissue is the reduced
scattering coefficient (u1}). It has been shown that a simple Mie-scattering approximation is
applicable to scattering from breast tissues (Cerussi et al 2001, Pogue et al 2001a, Cubeddu
et al 1999, 2000b). Within this approximation we write u. as (Mourantetal 1997,
Nilsson et al 1998)

pi(A) = axba~? @

where a, b are free parameters. a is proportional to the density of the scattering centres and b
depends on their size. x = 2xrn,, where n,, is the index of refraction of the medium and r is
the homogeneous sphere radius for a ‘typical scatterer’. For breast tissue with a distribution of
different size scatterers, we define a ‘Mie-equivalentradius’ (r = r,) as an ‘average’ scatterer
size (Nilsson et al 1998), and use a simplified version of equation (2), which has been shown
to be a reasonably good approximation over the wavelength range we employ, and wherein
the x dependence is lumped into the coefficient A:

w0 = AL, ' )

Cerussi et al (2001) have found empirically that b (called the ‘scatter power’) is a good

indicator of changes in breast tissue physiology with age. Our fitted values of the scattering

parameters a and b are not very precisely obtained as a result of the limited number of
wavelengths used in our study, e.g. b was measured to be 1.27 - 0.82.

We formulate the inversion problem in terms of the variables described above assuming an

infinite slab model. Traditionally p, and p, are reconstructed for each wavelength separately.

3 We kindly thank S J Matcher for providing the spectra for lipids.
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Figure 2. Starting from the top, shown are pu,, ), blood oxygen saturation and blood volume
histograms.

However, due to model mismatch, and experimental and physiological noise, significant
inter-parameter cross-talk is introduced by the standard procedure, often leading to large errors
in blood volume and saturation. Instead, we directly reconstruct the concentrations (c;), A,
and b. This procedure constrains the fitting algorithm using a priori spectral information. Thus
we globally analyse the whole set of data, instead of analysing each wavelength independently
and then combining the results. This approach substantially reduces the inter-parameter
cross-talk (Durduran ez al 2001).

In the calculation we minimize x% = ¥ |®,, — ®.|> where ®,, is the measured fluence
and &, is the calculated fluence. The sum is over the source detector pairs and all wavelengths.
We use the Nelder-Mead simplex (direct search) method implemented in MATLAB function
‘fminsearch’ to fit for the unknowns by minimizing x2. We then calculate blood oxygen
saturation and blood volume from the relevant haemoglobin concentrations.
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100
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Figure 3. Blood oxygen saturation versus blood volume with the dashed lines indicating the ranges
for normal tissue from the mean and standard deviation of the healthy breast tissue. Crosses (x)
indicate menopausal volunteers.

Table 1. Average optical properties, physiological parameters and standard deviation from the

histograms.

A (nm) 830 786 750

g (cm™1) 0.046 + 0.027 0.041 £ 0.025 0.046 £ 0.024
w, (cm™Y) 83+20 85421 87+22
Blood volume (M) 3419

Blood oxygen saturation (%) 68+ 8

4. Results and discussion

4.1. Optical properties of healthy breast tissue

In order to establish a range of optical and physiological properties for the healthy breast tissue
we made histograms of the fitted properties. The results are summarized in figure 2. The
values lie within the expected physiological range. Mean and standard deviation are shown in
table 1.

Some researchers have speculated that tumours and other diseased tissue are distinguished
from normal tissues by the relative value of their blood volume and blood oxygen saturation.
For example, malignant tumours might be expected to have high blood volume with a low
oxygen saturation since both a higher blood content and higher metabolism are necessary to
achieve tumour growth in proliferating tumour tissue (Thomsen and Tatman 1998). Figure 3
shows blood oxygen saturation plotted versus blood volume for each breast (crosses (x)
indicate menopausal volunteers). The dashed lines indicate the measured range of blood
volume and blood oxygen saturation for normal breasts from table 1 (i.e. the mean and
standard deviation). The error bars for each individual are obtained from the standard
deviation of repeated measurements of the same breast. In order to employ endogeneous
contrast effectively in breast DOT, tumour tissue properties should ideally lie in one of the
‘other’ regions defined on this plot.
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Figure 5. Distribution of patients in terms of their body mass index (BMI) (left) and age (right).

4.2. Physiological noise

Apart from characterizable noise due to electronics, optics and positioning of the sources
and detectors, there is additional noise in the measurements as a result of changes in the
physiological state of the tissue during the measurements. Respiration, movement, heart beat
and blood flow downstream of the hanging breast are some factors that contribute to this

‘physiological noise’.
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Figure 6. Top: blood volume versus BMI with a decaying exponential fit (correlation coefficient
0.42); bottom: blood oxygen saturation (correlation coefficient 0.03) versus BMIL.

In order to estimate this effect, the scanning detector was modified to repeat each of the
17 source—detector combinations ten times every two minutes. The main results are shown
in figure 4 where we plot the time series of normalized amplitude (phase is not shown)
obtained from measurements on an Intralipid sample and on breast tissue. The signals from
the Intralipid are stable to within 1-2%, whereas the breast tissue has dispersions of 5-10%.
This provides us with an estimate of the physiological noise in our experiments.

We also performed repeated measurements of the same breast with minimal movement of
the breast. By comparing repeated measurements, we find that the average standard deviation
is 11% for pa, 4% for u;, 4% for blood oxygen saturation and 5% for blood volume (see,
for example, error bars in figure 3). These values are consistent with the variations in the
amplitude and phase observed in figure 4.

4.3. Demographics and optical properties

As mentioned above, it might be expected that optical properties would show a variation with
demographics. We investigated the correlation of our results with two demographic quantities:
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body mass index (BMI) and age, whose distributions are shown in figure 5. The mean (standard
deviation) age of the volunteer population lies in the radiographically dense population and
it is 32 & 12 years. The mean (standard deviation) BMI is 25 £+ 5. Only five patients were
menopausal and one patient was peri-menopausal. Our study was not originally aimed towards
establishing correlations with demographic factors and future studies will be further optimized
for looking specifically at those aspects of the problem. Specifically, we have used only three
wavelengths and assumed flat water and lipid concentration in our analysis. This limits our
spectral information which further limits the quality of these correlations (Cerussi et al 2002).
Further spatial information would also be valuable in distinguishing different regions of the
breast tissue. With these caveats, we now outline our findings and compare them to the
results available in the literature from other studies. Pogue et al (2001a) used a similar system
geared towards imaging and reported that blood volume had a correlation with body mass
index (BMI) which relates the weight and height of an individual. They did not report strong
correlation between any other quantities and BMI or age. Cerussi et al (2001) reported weak
correlation between blood volume and scatter power (b) with age and measured changes of
lipid concentration with age and BMI (Cerussi et al 2002).

Our findings are shown in figure 6 for correlations with BMI. Our observed correlation
of blood volume to BMI is similar to reports by Pogue et al (2001a). A higher BMI indicates
more tissue fat content. In compositional studies, a higher fat content correlates with a lower
blood content (Thomsen and Tatman 1998, Duck 1990, White ez al 1987, Woodard and White
1986, Gertig et al 1999, Lee et al 1997). The correlation coefficient is significantly higher for
blood volume than for blood oxygen saturation (0.42 versus 0.03).

We also observed a similar correlation of BMI and ) as shown in figure 7. Cerussi et al
(Cerussi et al 2001, 2002) showed that the scattering power and ! change with the fat content.
BMI is a measure of the tissue fat content, hence the present result is in qualitative agreement
with their observations.

Figure 8 shows the correlation of the blood volume and blood oxygen saturation with
age. Our results again indicate an agreement with Pogue et al (2001a); we do not see any
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Figure 8. Top: blood volume versus age. The correlation coefficient is 0.0292. Bottom: blood
oxygen saturation versus age. The comrelation coefficient is 0.15.

clear correlations within our current signal-to-noise. As shown in figure 9 we do not see a
correlation of u, with age as well.

Our study had a different sensitivity to that of Cerussi ez al (2001, 2002) who showed that
there is considerable change in breast properties with age. Their main observation is that older
breast tissue has a different water and lipid content, which in turn affects the scattering and
absorption properties of the tissue. We suspect their instrument was particularly sensitive to
this aspect because it measured mainly the outer 2] cm of the tissue and had many wavelengths
which allowed more accurate derivation of the wavelength dependence of the scattering. Our
results, by contrast, sample a larger volume in transmission geometry. Therefore, we sample
the fatty tissue as well as the nodules and vasculature extensively. There are expected changes
in the breast tissue structure with age throughout the total volume, however, our study was not
sensitive to those changes as it did not attempt to distinguish different regions of the breast
tissue. We are not sensitive to lipid content because of our limited spectral information and
because of our assumptions regarding the lipid and water content of the breast. The latter
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was shown to introduce errors in an analysis by Cerussi et al (2002). This fact, of course,
points further to the need for diffuse optical imaging with extensive spectral information. Our
results are important, because they establish baseline optical properties in the transmission
plate geometry, and most imaging systems rely on sampling a large volume of the breast
tissue. Indeed it has previously been reported that differences in acquisition geometry can
induce changes in bulk properties (Cubeddu et al 2000b, 2000a).

5. Conclusion

The buik optical properties of healthy female breast tissue were measured in vivo in a parallel
plate, with transmission geometry geared towards diffuse optical tomography. Fifty-two
volunteers with healthy breasts were measured. The analysis was done with a novel method
whichemploys a priori spectral knowledge to overcome the shortcomings of simplified models
of the heterogeneous breast tissue. Our results establish a range for the healthy breast properties
in this geometry over a fairly large population. The blood volume was 34 4 9 M and blood
oxygen saturation was 68 + 8% (see table 1). We investigated the correlation of optical
properties with demographic properties and observe a weak correlation of blood volume and
reduced scattering coefficient with body mass index.
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Abstract

Three-dimensional diffuse optical tomography(DOT) of breast requires large
data sets for even modest resolution (1 cm). We present a hybrid DOT system
that combines a limited number of frequency domain (FD) measurements with
a large set of continuous wave (CW) measurements. The FD measurements
are used to quantitatively determine tissue averaged absorption and scatter-
ing coefficients. The larger CW data sets (10° measurements) collected with a
lens coupled CCD, permit 3D DOT reconstructions of a 1-liter tissue volume.
To address the computational complexity of large data sets and 3D volumes
we employ finite difference based reconstructions computed in parallel. Tis-
sue phantom measurements evaluate imaging performance. The tests include:

point spread function measures of resolution, characterization of the size and
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contrast of single objects, field of view measurements and speétral character-
ization of constituent concentrations. We also report in vivo measurements.
Average tissue optical properties of healthy breast are used to deduce oxy- and
deoxy-hemoglobin concentrations. Differential imaging with a tumor phan-
tom adhered to the surface of a healthy breast demonstrate 3D imaging in
the presence of physiologic fluctuations. This tomography system provides ro-
bust, quantitative, full 3D image reconstructions with the advantages of high
data throughput, single detector-tissue coupling path, and large (1L) imag-
ing domains. In addition, we find that point spread function measurements
provide a useful and comprehensive representation of system performance.
Keywords: optical tomography, NIR spectroscopy, breast imaging, clinical

system
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I. INTRODUCTION

Diffuse optical tomography (DOT) enables researchers to translate highly scattered, light
signals into clinically meaningful information about human tissue!™. The tomographic
approaches are new and offer substantially improved characterizétion of lesions compared to
transillumination approaches of the past®2. Intrinsic contrast derived from oxy- and deoxy-
hemoglobin have been used to differentiate tumors from normal tissue based on vascular
éignatures3'9'1°. Extrinsic contrast, for example with existing vascular based agents such as
indocyanine green, have exhibited significant tumor contrast enhancement®t. Ultimately,
perhaps the most promising optical imaging schemes, may involve targeted agents to select
cancer tissue based on peptide and molecular level bindings!2. The exquisite sensitivity of
optical spectroscopy to both intrinsic and extrinsic agents make DOT attractive. However,
before clinically optimized optical 3D imaging systems can be realized, several challenges
remain to be solved.

The main experimental challenges for DOT relate to the speed and size of the collected
data set. Coverage and resolution demand large data sets. Patient movement and physiologic
fluctuations necessitate fast collection speeds. In fact, full coverage tomography of breast
requires large data sets for even modest spatial resolution (e.g. ~lcm). Consider a DOT
system that aims to provide 2-10 mm resolution in deep breast tissue (i.e. depths of 1
to 4 cm) with 1 Liter volume coverage. Even if we naively assume that a measurement
number equal to the number of voxels is sufficient, we require from 103 (1 em resolution)
to 10° (2 mm resolution) measurements. Furthermore there is often an advantage to over-
sampling for signal averaging considerations, or for handling surface features that have sub
millimeter structure and are near the regions of high measurement sensitivity!3. Most clinical
prototypes used for in vivo measurements have had much smaller data sets, in the range
of 10! to 10® optode pairings®®, though recently a few systems with larger data sets have
been reported?. In this paper we present the results of a comprehensive investigation on

the design, optimization and imaging performance of a hybrid DOT system that combines




a limited number of frequency domain meésurements (720) with a significantly larger set of
CW measurements (10°). Before discussing the design in detail we briefly review our design
rationale.

Every diffuse optical tomography system must make compromises about data type and
number, measurement geometry, optode placement, and reconstruction method. Generally
for absorption and scattering images there are three possible measurement approaches; time
domain (pulsed input light with pulse duration 7, ~ 100 ps), frequency domain (modulated
input light with frequency w = 10° — 10° Hz), continuous-wave (w = DC — 100 kHz). The
time domain approach yields the most information per optode pair when the signal-to-noise
ratio is sufficiently large, but it is usually the most expensive technique per optode pair.
Continuous-wave (cw) measurements on the other hand are the least expensive and yield
the least information per optode pair. Within the diffusion approximation the tissue is
described by space- and time- dependent absorption and scattering coefficients and index

of refraction4

. To extract and separate variables at a single light wavelength a system
needs at least three independent measures!® (for example multiple frequency domain or a
time domain measurements). On a per-optode basis the frequency-domain and time-resolved
measurements would seem to have an advantage over the CW approach. However, in practice
it is possible to reduce the number of time-independent measurements needed by making
assumptions about the medium such as its absorption and scattering properties. Imaging of
differential changes can also dramatically improve the robustness of reconstruction!®.

The most popular geometry for breast imaging has been the 2D circular array of sources

1721 This geometry is appealing, in part because of its similarity to the

and detectors
geometries used for computer aided tomography. It benefits from a full 2D measurement
view over the entire circumference of the tissue volume. Full exploitation of this geometry
requires large dynamic range and large channel separation so that the high light intensi-
ties at the close distances do not contaminate the low light levels (10~ lower) at the long

source detector separations. Another attractive geometry, which builds on experience with

conventional mammography is the planar geometry which has been employed in both par-
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allel scanning modes®?? and limited view DOT arrangements®?®. The disadvantage of this
geometry is that the view is limited. It does not fully surround the surface of the tissue
volume. An advantage is that the tissue is compressed providing increased light transmission
and increased resolution, since resolution performance falls off with distance from the mea-
surement surface!®?* 2?5, In addition, in the parallel plate transmission mode the dynamic
range requirements of the detection system are reduced, énd the mechanics of adapting to
different breast sizes is reduced to a simple planar translation analogous to traditional X-ray
mammography.

With these considerations in mind, we have pursued a hybrid frequency do-
main/continuous wave approach with massively parallel detection via a lens coupled CCD
camera. The frequency domain (FD) measurements enable us to quantitatively determine
the tissue averaged absorption and scattering coefficients and thus to impose constraints on
the analysis of the CW data. The larger CW data sets (10° measurements) collected with
a CCD permit 3D DOT reconstructions of a 1-liter tissue volume. Using a plane parallel
transmission geometry the breast surface is imaged via a lens coupled CCD. This scheme
reduces the complexity of the light channelling system to a single lens, instead of an array
of fibers. For extrinsic contrast agents this is a natural imaging approach that has not been
pursued to the clinical prototype by others.

Some form of optical tomography or image reconstruction must play a central role in
any system which aims to use diffuse light to improve breast tumor diagnosis. Indeed the
weakness in early (and current) clinical work is at least partially attributable to deficiencies
in the image reconstruction approach. Various reconstruction approaches exist for DOT,
(for a review see Arridge?®). In this work we employ a finite difference forward solver
and use the explicit adjoint formulation for the inverse problem as described below. Most
DOT approaches have been implemented in 2D. In the best 2D cases, researchers have em-
ployed a cylindrical geometry to reduce the dimensionality of the problem!™ 21?7, Recently
there have been direct comparisons between full 3D and 2D reconstructions using simulated

data!™'%%8; not surprisingly the 3D reconstructions were superior. The main barrier for full
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3D reconstruction is the significant memory and processing time it requires. For example,
with 0.125mL voxels, 1L imaging domain, 10,000 measurements and a single pentium III
processor our reconstructions take 24hrs. These numbers can vary by up to an order of
magnitude depending on details of the algorithm. There are two steps of the algorithms
that are costly: 1) solving the forward problem for each source position, detector position
and/or frequency, 2) solving the inverse problem. We have chosen to solve these large-scale
computational problems using parallel computing!® which reduces our reconstruction time
from 24hrs to 2hrs.

The paper proceeds as follows. In the methods section we describe the experimental
setup, the image reconstruction procedure, data analysis methods, tissue phantom experi-
ments and in vivo measurement procedures. In the results and discussion section we evaluate
and develop the relation between image noise and resolution for the system. We then proceed
to evaluate object characterization, multiple object tomography, field of view, and spectral
decomposition of multiple absorption images into constituent properties. In vivo results are
discussed including measures of tissue averaged optical properties and differential imaging

with a tumor target in the presence of physiologic fluctuations.

II. METHODS
A. Experimental
1. CCD transmission data:

In Fig. 1 we illustrate our clinical diffuse optical tomography table. For human mea-
surements the subject lies on the table with both breasts suspended in a tank filled with
the Intralipid. One breast is positioned central to the measurement area and held in soft
compression between a movable compression plate and the viewing window. Four lasers
operating at 690 nm, 750 nm, 786 nm, and 830 nm respectively are optically switched (Di-

con Fiber Optics, GP700) between 45 fibers arranged on in a 9x5 square lattice within the



compression plate. The laser powers are balanced so typically 600 &= 200uW is delivered to
the fiber tips for each of the four colors. The viewing window is modular and permits use
of diffuse or anti-reflective coated transparent windows. A 50 mm F#=1.4 lens (Nikkor AF
50mm F/1.4D) is used to image the detection plane onto the CCD chip with a magnification
of 0.2. The light is detected by a thermoelectrically cooled (—40 °C) 1300x1340 CCD pixel
array with area 2.6 cm x 2.68 cm (Roper Scientific, NTE1340). The CCD array is read with
16 bit A/D conversion. With a 800x1120 pixel ROI and 2x2 on chip binning the readout
time is 300 ms. Concurrent frequency domain measurements are made with an array of 9
detectors fibers interlaced amongst the source fibers in the compression plate.

The signal-to-noise ratio (SNR) of the CCD light intensity measurements was evaluated
using a Intralipid tissue phantoms with a range of different source detector plane distances
(AY,q4). CCD measurements were binned into 24x24 square units to give an equivalent pixel
size of 3.48 mm x 3.48 mm on the breast surface. A series of 100 measurements with 1 second
exposure times were made on tissue phantoms with (u, = 0.05cm™! and p, = 10cm™!). The
noise across the image plane was defined as the standard deviation for each binned pixel.
For the source-detector plate separations of AY,y = 5 to 7 cm, the SNR was greater than
10? for the peak signal pixel (i.e. pixel with shortest source-detector separation). For a pixel
position located 6 cm from the peak signal pixel the SNR was 102 for AY,4 = 6 cm and
102 for AY,q = 7. When the optical switch is switched between each frame the maximum
SNR decreases to 2 * 102. In our in vivo measurements of breast optical properties using a
similar geometry most breast compressions were 64 1cm?®. Diffuse stray light contamination
was present at a level of &~ 107 % I..t. To avoid complications due to this light, data was
cropped at I/Ipe.x < 0.03, keeping the stray light contribution < 1%. For typical optical
properties and source detector plate separations this intensity threshold cropped the data at
a radius of 6 cm from the peak value. For the reconstructions the detector grid was defined
as a 21x13 grid of measurements spaced 4.64 mm in both x and z directions spanning the

region from r; = {—4.64 cm, yq4, —2.32 cm} to ro = {4.64 cm,y4,2.32 em}.




2. Prequency Domain

The light sources consist of the laser diodes described in the previous section (which
are modulated at 70MHz). Light from the breast surface is channelled through 3 mm fiber
bundles and measured by APD’s (Hamamatsu C5330-4). The amplitude and phase of the
detected diffuse photon density waves are obtained by demodulating the output of the APD
using a homodyne technique®. In our system the electrical signal from the APD passes
through an amplifier (ZFL-500LN Mini-Circuits, gain=24dB), a band pass filter (BLP-70
Mini-Circuits), a computer controlled digital attenuator (ZFAT -51020 Mini-Circuits (0-
36db)) and another amplifier (ZFL 500HLN, gain=19dB). An IQ demodulator (ZFMIQ-70D,
70 MHz, Mini-Circuits) followed by a low pass filter (SLP-1.9, Mini-Circﬁits) extracts phase
and amplitude relative to the RF reference signal that drives the lasers. To minimize the
cross-talk between various components, all of the electronics are placed in NIM boxes. The
system is characterized by a noise equivalent power of 3pW/ m , a linearity in amplitude
of 1%, and phase drift of 0.25 degrees over 80 dB.

B. Theory

In this section we describe our forward model for light transport in tissue and our inverse

solution scheme.

1. Forward model

We model light propagation through tissue and tissue phantoms with the diffusion ap-

proximation,

V- (DE)VHE)) ~ (kalr) ~ 2)o(x) = ~S(r). (1)

Here D(r) = 1/3(p(r)) is the diffusion coefficient, p(r) is the scattering coefficient. ¢(r)

is the photon fluence rate, p,(r)is the absorption coefficient, v is the speed of light in the



media and w is the source light modulation frequency. The source is characterized by an
amplitude and phase { i.e. S(r) = S,e¥§(r — r,) }. Partial current boundary conditions

are used on all surfaces:

W) — —age), )

where o = $=Retf) 3% where R,;; ~ —1.440n~2 + 1.170n~1 + 0.668 + 0.063n and n =

(A+Re55) 2 t

The heterogenous diffusion equation is solved using a finite difference algorithm through-
out a rectangular domain®. The rectangular volume is defined by rpy; = {-8,0,-8}
and rpyy = {8,6,8} with elements {Nz, Ny, Nz} = {65,25,65} of size {Az, Ay, Az} =
{0.25,0.25,0.25} cm for a total of 105,625 grid points.

2. Image reconstructions

We describe our reconstruction scheme for absorbing heterogeneities only. Our approach
is based on the diffusion equation (Eq. 1) and involves minimizing a Rytov type least squared
error between calculated and measured photon densities for each source detector pair™33,
Optode pair measurements (indexed by ) are indicated by the source and detector positions

(rai,rsi). The error function minimized is (see Engl et al.34),

man{||in{ (Z)m 2 + Regularization}. 3)

The measured photon fluence rates for a reference medium and the medium of interest
are ¢pp(ra;,rs;) and @, (rq,ry;) respectively. Similarly ¢.r(ra;, rs) and @e(ra,rs;) are the
respective "reference” and ”of interest” calculated fields. The regularization term is dis-
cussed below. @.r(ra;,rs) is calculated using apriori information, (usually the Intralipid
mixture optical properties and tank geometry). @.(rq,rs;) however is computed based on
the unknown properties that we wish to determine; it’s calculation requires inversion the
techniques.

To determine ¢.(r4,rs;) we used an iterative method, with linear Rytov update steps.

We defined ¢ (rg, ry) = ¢¥(rai, rsi)exp(dXi(rai, rs:)), where k is the iteration index and
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@3(rai, rsi) is calculated using an initial guess of the optical properties. The Rytov scattered

wave for a particular source detector pair, ¢5t}(r,;, r4) is thus,

. k1 (rg;, o) _vJ G¥(ra;, )G (r, 10 ) Apk+ (r)d®r “
Coas) =5 GE(ran ) | )

Here ¢%(r,r,;) is the solution to the diffusion equation for a light source at position r;
and a specified distribution of absorption x¥(r) and scattering p/(r). The Greens function
G¥(rg,r) is the solution to the diffusion equation for a delta function source at the location
of the i** detector, (S = d(rs — r)), and the same distributions of absorption, uX(r), and
scattering, u/(r). The differential absorption(AuX+!(r)) is the unknown vector we seek.

Equation 4 can be transformed into the following matrix equation,
¢k +1
~n(%r) = (AR (5)

The Jacobian ([J¥] = [22{¢sh) 45 explicitly generated using an adjoint method.
pia
6ln{¢’°}

- V Gk rdnrJ)G (l‘_,,l's,)
) G’f_?(rd,,r,.) (6) )

(

where r; is the voxel position.

We follow a Morse-Penrose pseudoinverse approach iﬁ which a square matrix is created
by multiplying both sides of the forward problem by the transpose of the Jacobian. The
inversion is stabilized using a spatially variant Tikhonov regularization scheme. With sub-
stitution of ¢f*! for ¢. the objective function (Eq. 3) used for each iteration inverse step

becomes;

: ém e
mzn{llln{¢—R —in{3=h+ [HATYTHIZ + AO)I{ AR HIE)- (7)
This can be arranged in a more compact form;

¢m ¢cR

min{||[FH AT + In{ — }”2 + A(r)II{AuL‘“}IIz} (8

The related matrix equation to be inverted for each iteration step is

T+ MOMIAL)T =~ Fin( L Loty ©)
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This matrix equation is solved using a conjugate gradient method. The result of one inverse
solve is an updated set of optical properties. The optical property map from the preceding
iteration is used as the basis for a finite difference forward solve and construction of the
Jacobian for each iteration. The regularization constants defined below were held constant
at each step. Convergence was found to be consistently obtained after fifteen iterations.
Following Pogue et al®® we use spatially variant regularization. We implement the method
in the plane parallel geometry using a spatially variant regularization parameter controlled

by center (I.) and edge (I.)parameters according to the following formula.
Ar) =l + 1. » (e7P=/Re - e7Pv/Ry  gmpP:/R: _3) (10)

Here, p, = ||rzll, py = llry — 3}, p2 = ||}, and R, = 16, R, = 6, R, = 16. A ratio
of l./l. = 10 was empirically determined to produce even image noise as a function of
depth from the source and detector planes. Finally, the inversion volume was performed
over a mesh volume defined by rpyy = {—6,0,—6} and rjys = {6,8Y,4,6} with elements

- {nz,ny,nz} = {24, 12,24} of size {d.,8,,0.} = {0.5,0.5,0.5} cm.

C. Phantom measurements

Tissue phantom imaging experiments were used to evaluate the imaging performance of
our machine. All phantom tests were performed using a background Intralipid/ink tissue
phantom with a ,(A(786 nm)) = 0.05 cm™! and p,(A(786 nm)) = 8 cm™!. Silicone rubber
tissue phantoms were used to created solid shapes for two purposes. To avoid problems
related to the phenomena of a tissue air interface near our imaging domain, we extended the
diffuse media vertically by placing a solid tissue phantom above the compression plate area.
When a subject is in the machine, the chest wall plays a similar role. The tissue phantom
top used in these measurements had p,(A(786 nm)) = 0.067 cm™! and pl(A\(786 nm)) =
13 em™!. The solid tissue phantoms were also used as imaging targets. The targets were cut
from 500 ml homogeneous solid blocks with prescribed optical properties and suspended in

Intralipid with thin white thread at prescribed positions.
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A final group of indocyanine green (ICG) phantom measurements employed a pair of
flow cells. They were cylinders with inside diameter 1.6 cm, inside length 1.6 cm, and wall
thickness of 0.5 mm. In general the objects were placed in pairs as depicted in Fig. 2, with

positions ru;, = {—2.5,3,0} and rq;, = {2.5,3,0}.

D. In vivo measurements

In vivo measurements evaluated system performance for obtaining background optical
properties of breast tissue, differential imaging in the presence of physiologic fluctuations.
All measurements with humans were performed in accordance with Univ. of Pennsylvania
IRB protocol, # 700394. The tissue averaged optical properties of breast were obtained
from a central subset of the frequency domain measurements that predominantly sampled
the breast tissue. One healthy subject age 25 was measured. The compressed breast shape
was a half ellipsoid measuring 13 cm at the top of the compression plate and extending 10
cm below the top source. The subset consisted of central sources near the four detectors that
were more than 2 cm away from the breast/Intralipid boundary. The data was analyzed by
approximating the breast geometry as a homogenous slab. The measurement was repeated
10 times.

To simulate a contrast agent injection, we made differential measurements with and
without a target (diameter= lcm, p, = 0.2 em™!) taped externally on the side of the
breast. Background measurements were taken after removing the target. This simulates the
ideal contrast agent injection. The scattered wave was constructed using ¢m = Parget—on and
Dm0 = Prarget—off- Lhe measured breast tissue averaged optical properties were assumed for
the entire volume. Although this assumption generates a model mismatch in the Intralipid
volume, such assumptions have been shown to be useful simplifications in differential imaging

applications®!6,
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III. RESULTS
A. Point Spread Functions

We evaluated resolution performance of our system using point spread function (PSF)
measurements. In these tests we measured the reconstruction size (FWHM) of point-like
objects. For any measurement, the extent of the PSF can be reduced. The cost of bet-
ter resolution however is increased image noise. Our experiments thus also evaluate the
resolution-vs-image noise relation. We used small strongly absorbing point like objects,
specifically 4 mm diameter spheres with g, = 2.0 cm™! and p) = 8 em™. These objects
have a linear signal strength (6p, * volume = 0.07 cm?) which is similar to the linear signal
strength of an object with 1 cc volume and a du, = 0.07 em™!. Two such objects were
arranged at r; = {-2.5,3,0}, and r; = {2.5, 3,0}

Reconstructions were performed for a range of regularization constants, [, =
{1000, 100,10,1,0.1,0.01,0.001}. Figure 3 depicts a reconstruction with I, = 0.1. Plots
of object cross-sections and a histogram of the image intensity values for a range of regu-
larization constants (Fig. 4) illustrate the effects of regularization. The cross-sections are
evaluated at the FWHM. The dispersion of the image intensities indicate image noise. Gen-
erally the histogram is the sum of a symmetrically dispersed distribution of image noise and
a secondary distribution at high p, due to the objects. This can be seen by considering the
isosurface (see Fig. 3a) drawn at 1/2 maximum contrast.

There ié generally a trade off between resolution and image noise. This is summarized in
- Fig. 5a. where we plot FWHM -vs-image noise. The regularization constant parameterizes
the curve. At a preliminary level of analysis the entire curve defines system performance.
A viewer may choose to interpret the data at any point on the curve, trading resolution
for image noise. However it is preferable to establish the optimal image. There are sev-
eral parameter choice methods for establishing the optimal regularization parameter. We

considered three approaches.
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An empirical approach is to define an image noise level that can be tolerated for a
particular imaging question®®. For instance, < dp, > < 0.0025, would set the regularization
constant at [, = 0.1 and correspondingly the FWHM at 1.2 cm.

A parameter choice approach called L-curve analysis provides a method of effectively
calculating the regularization constant directly from the measurements3?. L-curve analysis
examines the parametric relation between the image norm, the measurement error norm, and
the regularization constant. In equation 8 the regularization parameter, A(r), controls the
relative. weight between the image variance norm and the measurement error norm. L-curve
analysis plots these two norms against each other for the range of regularization parameters
(see Fig. 5b). The result is an L shaped curve with the knee of the curve representing and
optimal regularization value. This analysis places the regularization at I, = 1.0.

Third we considered an approach in which the ratio between the object contrast and
the image noise (CNR) is maximized. We plot CNR vs regularization constant in Fig.
5c. The CNR peaks at I, = 0.1. This corresponds to one decade lower than the L-curve
analysis. Since the contrast-to-noise value is a more tangible optimization, we proceed
with [, = 0.1 as the optimal regularization constant. It appears that L-curve analysis
provides an overly-smooth solution for the imaging situation of two isolated point objects in -
a relatively large imaging domain. When [, = 0.1 we obtain a 3D point spread function with
FWHM = {1.1,1.13,1.1} combined with an image noise of < du, >= 0.0024 cm~1. Since

the objects are 4 mm in diameter the peak contrast value is considerably lower than the

physical target object contrast (<6“°>'=°°ﬂ

_ 0098
<6l‘o>object 2

= 0.049). However the integrated signal,

Sig = p, * volume is closer to expectation with ( %gfﬁ = 20255 = 0.41). Since the signal

strength does not vary linearly with p, for large u,, this discrepancy in integrated signal

strength is reasonable.
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B. Characterization

Diffuse optical tomography is an inherently non-linear imaging method.  Although point
spread functions are useful, one cannot be certain that a new object will show up as the
original convolved with the PSF. It is therefore best to check questions of interest directly. In
breast cancer studies one aims to use DOT to characterize a suspicious mass. Our goal here
is to evaluate whether the volume integrated signal is quantitative for objects smaller than
the optimized PSF of the machine. This series of measurements evaluates characterization
of spherical objects with small differential contrast ‘—i{i—" = 3. In particular we reconstruct
objects of three different sizes; 5 mm, 10 mm and 15 mm spherés, with p, = 0.2. The
results are shown in Fig. 6. The image of the 15 mm sphere shows an object close to the
correct size and with moderately lower p, value, (S3e2rccon — (73 Sirecon — 031 _ 1 1),

<6Pa>objec! ’ S’igobject 0.27

5 a -~ TECOT S' Tecon .
Images of both the 5Smm target(%ﬁ;—pbj; = 0.09, 3—23;,,;;; = 20Ul — 1.16) and 10mm target

(%Hfiifi = 0.23, %ﬁ;ﬂj = 2083 = 1.06) depict objects larger and with significantly lower
te than the targets, reflecting a smoothing operation consistent with the optimized PSF.
However, the volume integrated signal of the objects show much better agreement with the

expected values.

C. Field of View

In this section we evaluate the ability of the system to image an extended tissue vol-
ume and to reconstruct a heterogeneous medium with multiple objects. We dispersed 15
cubic silicone tissue phantom objects throughout the measurement volume. The 8 mm edge
dimension cubes with g, = 0.2 em™, ), = 10 cm™! were arranged in a hexagonal lattice.
Single wavelength (A = 786 nm) measurements Were taken with and without the objects
present and reconstructions were performed with [, = 0.1. The resulting 3D reconstructed
volume is depicted in Fig. 7 with isosurfaces at p, = 0.092 cm™1. The results are also

shown in cross-sections at y depths of 1.5 cm, 3cm and 4.5 cm. Note that the objects are
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well separated in all three dimensions and that only objects that belong in each plane are
present. There is a small amount of ghosting between the slices, but this is consistent with
the z-direction FWHM found in the point spread function. The peak values drop to 75%
of the center values for objects on the edges of the reconstruction volume. The‘ resolution
is optimal at the central xz values and improves towards the source and detector plane.
However the spatially variant regularization has provided fairly consistent sensitivity and

resolution throughout a volume with dimensions {16,6,5} cm.

D. Spectroscopy

The next set of measurements evaluate the ability to characterize the constituent concen-
trations of a tissue phantom. Two 3.2 cc flow cells were used, one with an ink contrast and the
other with an ICG contrast. Reconstructions were performed at all four wavelengths. The
absorption maps were then combined into concentration maps on a voxel by voxel basis us-
ing C(r,) = E67a(r,). Here 8jia(r.) = {81a(ro)™, ta(r.) ™, 6pta(rs) ™8, Spsa(r,)*},
is a vector containing the du, values at r, for each wavelength, F is a matrix contain-
ing the extinction coefficients of ink, and indocyanine green at the four wavelengths, and
C(r,) = {{ICG|(r,), [(Ink](ry)} is a vector containing the concentrations at each voxel. The
0u, and concentration images are shown in Fig. 9. Note that both objects appear in all
four of the absorption images. However the concentration images successfully distinguish
between the india ink and the indocyanine green dye. These results, combined with the ob-
ject characterization results, suggest that even for tumors smaller than the resolution of our
machine (diameter 5mm), this DOT system will correctly determine the tissue chromophore
concentrations when averaged over the volume of the PSF (e.g. the volume integrated values
are correct). We anticipate similar spectral decomposition performance in obtaining ICG

concentrations and hemoglobin concentrations in clinical imaging situations.
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E. In vivo average breast properties

Transillumination images of a breast are shown in Fig. 10. The breast position and
outline are obtained from these images. The average breast tissue properties are derived
from the FD data at four wavelengths. The data was analyzed with a semi-infinite diffusion
model. The data and semi-infinite fits for a 25 year old subject are shown in Fig. 11. We find
good agreement with the semi-infinite model for the range of source-detector separations
chosen. The absorption and scattering coefficients obtained are plotted in Fig. 12. The
error bars represent the standard deviation of the absorption and scattering coefficients
from ten measurements. The hemoglobin concentrations can be obtained through spectral
decomposition assuming a 50/50 lipid/water concentration where the lipid spectra is from
reference®® and the water spectra is from reference®”. These hemoglobin concentrations are
consisfent with values we have obtained using a scaﬁning transmission RF machine®. Our
numbers are also in reasonable agreement with the results of other groups using a variety of
measurement types and geometries®®38

The differential image experiments were reconstructed and yield the images shown in
Fig. 13. The system is clearly capable of imaging tumor like targets in the presence of
physiologic fluctuations. The image has more structure than the Intralipid phantom images
of equivalent targets (Fig. 3). This structure is most probably a result of physiologic
fluctuations that propagate into the image as noise. We compare the dispersion of the voxel
values for phantom and in vivo imaging in Fig. 14. The image variance in the in vivo
measurements is 4.3 times larger than for Intralipid. This illustrates two points about the
machine. First, the measurements obtained with the lens coupled CCD have sufficient SNR
(i.e. measurement noise is not the leading cause of image noise for an in vivo ineasurement).
Secondly, even in the presence of physiologic fluctuations on the time scale of minutes, we

can produce images with contrast-to-noise ratios sufficient to image tumors in human breast.
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IV. DISCUSSION

Diffuse optical tomography utilizes inherently 3D measurements of tissue volumes. In
order for the technique to progress towards clinical utility it is important to develop in-
struments that provide full 3D imaging of the entire breast tissue volume. Furthermore, in
such cases it becomes challenging to acquire and process a sufficiently large data set. In
this paper we evaluated a novel hybrid CCD based DOT system with parallel computation
for image reconstruction. This scheme provides imaging of Liter tissue volumes with 5 mm
voxel size and 1 cm resolution. Generally, when DOT systems use CCD detection, CCD
elements are coupled to tissue surfaces using discrete fibers. We have demonstrated DOT
performance using single lens coupling. This scheme has several advantages. Uncertainty in
the calibration of the detectors coupling can often degrade image quality®®. These coupling
coefficients can be obtained at the cost of increasing the number of unknowns in the image
reconstruction process. By using a single detection element and contact surface (imaging
window) the number of calibration coefficients are significantly reduced (ideally to one de-
tector coefficient). This is evident in the fact that the dominating systematic noise source
in our device is the source fiber switching mechanism. The high resolution of the underly-
ing CCD measurement also facilitates two standard and relevant CCD features. The pixel
binning is flexible allowing for effortless exchange of detector area for sampling density, and
the high resolution imaging permits an standard reflectance image of the breast from which
the breast shape and particular boundary positions can be obtained. This knowledge can
potentially be translated into a priori information for image reconstruction.

A second theme of this paper has been the characterization of our DOT device. To
this end we employed an evaluation procedure that should have general relevance to DOT
systems. Using tissue phantoms, we have evaluated the system for point spread function
resolution, object characterization, multiple object tomography, field of view and spectral
decomposition. A critical component of the evaluation procedure was the optimization of the

relation between image noise and resolution for system parameters relevant to breast tumor

18



imaging. Though the underlying physical models for DOT are nonlinear, we found that PSF
derived generally describes the performance of the machine. This illustrates the manner in
which DOT is ill-posed when constrained to absorption only perturbations. For absorption
imaging, the ill-posed nature of DOT consists of a blurring process that can be conceptually
and quantitatively captured in a simple localized point spread function characterization for
most breast imaging situations. Related analytic studies by Schotland et al. explore similar
point spread function use®.

For comparison with qther groups we consider the ratio of the apparent object size
(related to the FWHM of a PSF) divided by the depth of the object. We use this as an ap-
pioximate measure of imaging performance with smaller ratios indicating better resolution.
The system described in this paper obtains an object to depth ratio of 1/2.8. Jiang et al.,
have reconstructed three dimensional images of tissue phantoms and tumors in breast®1°.
Using a 16 source, 16 detector continuous wave instrument, 10 mm phantom objects were
accurately reconstructed at a depth of 1.3 cm from the measurement surface giving an object |
to depth ratio of <1/1.4. The ratio may underestimate the resolution performance of their
machine (i.e. they didn’t look at smaller objects). In addition, they have obtained similar
performance with in vivo images of tumors?. Pogue et al. have reported a considerable
amount of work in 2D and recently explored the effects of 3D%28:4041_ Using a 16 source, 16
detectof frequency domain system 4 mm rods were correctly characterized at a depth of 2 cm
(with object contrast of 4:1). The resulting ratio of object to depth,1/5, is very good. Note,
these results are for cylinders which have higher integrated contrasts then spheres. When
they look at spherical objects, the object contrast drops for sizes below 1.5 cm?®. Hawrysz
et al have reconstructed three dimensional fluorescent objects with an error handling scheme
using a 4 source, 46 detector system??. With this system, 1 cm objects were reconstructed
at a depth of 2 cm giving an object to depth ratio of < 1/2. Hebden et al have used a
32 source, 32 detector time resolved system to reconstruct fairly low contrast objects and
separate both absorption and scattering contrasts in a conical breast imaging geometry!?.

This is a particularly difficult imaging task. Here they find 1 cm objects reconstruct to twice
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the actual size (8 times larger volume) at a depth of 2.1cm, resulting in an object to depth
ratio of 1. Ueda et al, also use a 32 source 32 detector time resolved system to image 1 cc
objects*®. With objects at depths 10 mm, 30 mm and 15 mm the system obtains FWHM
values of 13.8, 20.26, and 23.5mm. The resulting object/depth ratios were, 1/0.72, 1/1.48,
and 1/ 0.74 respectively. The different contrasts, data types, and prior constraints concern-
ing the absorption and scattering of objects, complicate comparisons across these different
groups. We note though, that time-resolved systems, perhaps due to system complexity,
generally produce higher object/depth ratios than the CW and frequency-domain systems.
Since time-resolved systems inherently have more complete information, we anticipate time-
resolved performance to improve as systems become better optimized.

Finally in vivo studies of healthy subjects with our system evaluated repeatability of
average tissue optical properties and diﬁerentiél imaging performance. One of the drawbacks
of obtaining large measurement sets is the lower sampling rate. Our current measurements
take 4 minutes per color. Significantly the physiologic fluctuations, while degrading the
image quality by a measurable amount, did not corrupt the general localizing capabilities.
In addition these results suggest that the measurement noise has been sufficiently reduced
and is not a limiting factor in the image reconstruction process for differential measurements.
Based on these comprehensive evaluation studies we anticipate this system and systems of

similar design will provide clinically useful quantitative 3D images of breast.
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FIGURES
FIG. 1. a)Schematic of clinical DOT table. b&c)Pictures of the instrument. The subject lies

on the table with both breasts suspended in the Intralipid tank and positions one breast central
to the measurement area. The breast is held in soft compression between a movable compression
plate and viewing window. Laser light sources are optically switched between 45 fibers arranged
on in a 9x5 square lattice within the compression plate. The modular viewing window can be
fitted with either diffuse or anti-reflective coated transparent windows. The transmitted light is
detected by a TE cooled, 2.6 cm x 2.68 cm, lens coupled CCD. Simultaneous frequency domain
measurements are made with an array of 9 detectors fibers interlaced amongst the source fibers in

the compression plate.

FIG. 2. Schematic of reconstruction volume. Sources are located in the y=0 plane the detectors
are located on the y=6cm plane. The position‘ of two typical target phantoms is indicated. a)
An isosurface rendering combined with slices through three orthogonal planes. The slices are
individually rendered in the following three figures b) xz-plane slice at y=2.75 cm, c¢) xy-plane slice

at z=0.25, d) yz-plane slice at x=-2.5. Gray scale (units cm ™) for all figures is shown in subplot

b.

FIG. 3. Reconstruction of two point objects used for PSF measurements with I = 0.1. a)
Three slices through the volume at x=-2.5,y=2.75 and z=0.25, combined with an isosurface at half
maximum contrast (p, = 0.079). b) xz-plane slice at y=2.75 cm. c) xy-plane slice at z=0.25, d)

yz-plane slice at x=-2.5. Gray scale (units cm™!) for all figures is shown in subplot b.

FIG. 4. a) Cross-sections for three values of l.. b) Image dispersion histograms for three values

of I..

FIG. 5. a) Image noise vs -FWHM of PSF as a function of the regularization constant (l.)for
l. = {1000,100,10,1,0.1,0.01,0.001}b) Image norm -vs- residual norm. c) The ratio of (object

contrast)/(image noise) as a function of ..
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FIG. 6. Comparison of images of objects with different size (diameter={0.5,1.0,1.5} cm) and
equivalent intrinsic contrast (§u, = 0.15 cm™!). a)Cross-sections for the three objects show that
the peak signal decreases for objects smaller than the PSF of the instrument. b)Comparison of
the volume integrated signal versus expected for an integration volume defined by 1.5*(FWHM of
PSF).

FIG. 7. A reconstruction of 15 objects indicates the spatial extent of the imaging domain of

the instrument (field of view). Isosurfaces are drawn at % 50 peak differential contrast.

FIG. 8. Slices at three y values { 1.5,3,4.5} through the 15 object reconstruction shown in

figure 7.

FIG. 9. a-d) Absorption slice images at y=3 cm, for four wavelengths, (gray scale bar in units

of cm™1 e f)Reconstructed concentrations of ICG and of india ink

FIG. 10. a)& b) Transillumination image obtained by summing images for all source positions

for 690nm and 830nm respectively

FIG. 11. Data and fits based on semi-infinite diffuse wave solution to frequency domain data

at 4 colors for measurements on human breast.

FIG. 12. Absorption and Scattering coefficients for a healthy human breast

FIG. 13. Differential image reconstruction of phantom target taped on to human breast. a)
Three slices through the volume at x=-2.5,y=2.75 and z=0.25, combined with an isosurface at half
maximum contrast (i, = 0.083). b) xz-plane slice at y=2.75 cm. c) xy-plane slice at 2=0.25, d)

yz-plane slice at x=-2.5. Gray scale (units cm™!) for all figures is shown in subplot b.

FIG. 14. Histogram of the voxel values for the in vivo phantom differential images. Three
images are analyzed including; i) target on subject, ii) baseline variance in subject measurements,

il) baseline variance in intralipid measurements.
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Figure 1, Three-Dimensional Diffuse... Joseph P. Culver, Medical Physics
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